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Heavy-quark prodution in proton-nuleus ollisions at the LHC
E. Cattaruzza,
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A sizable rate of events, with several pairs of heavy-quarks produed ontemporarily by
multiple parton interations, may be expeted at very high energies as a onsequene of the
large parton luminosities. The prodution rates are enhaned in hadron-nuleus reations,
whih may represent a onvenient tool to study the phenomenon. We ompare the dierent
ontributions to bb¯bb¯, cc¯cc¯ and bb¯cc¯ prodution due to single and double parton satterings,
in ollisions of protons with nulei at the CERN-LHC.
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1. INTRODUCTION
The large rates of prodution of heavy quarks, expeted at high energies, may lead to a sizable
number of events, at the CERN-LHC, ontaining dierent pairs of heavy quarks, generated
ontemporarily by independent partoni ollisions. An inlusive ross setion of the order of 10
µb may in fat be foreseen for a double parton ollision proess, with two bb¯ pairs produed
in a pp interations at 14TeV[1℄, while the ross setion to produe two cc¯ pairs may be of
the order of one mb, the ontribution of single parton ollisions to the proesses being one
order of magnitude smaller. All prodution rates are signiantly enhaned in proton-nuleus
ollisions, whih may oer onsiderable advantages for studying multiparton ollision[2℄. Given
the large rates expeted, the prodution of multiple pairs of heavy-quarks should hene represent
a onvenient proess to study multiparton interations in pA ollisions at the LHC. On the other
hand the mehanism of heavy quarks prodution is not yet understood satisfatorily also in the
simplest ase of nuleon-nuleon ollisions, the eets of higher order orretions in αs being still
a matter of debate. A omprehensive desription, of the muh more strutured proess of heavy
quarks prodution in hadron-nuleus interations, might hene be approahed after gaining a
deeper understanding of the short sale parton-level dynamis of the proess. On the other
hand a signiant feature of higher order orretions in αs is that, for a limited set of physial
observables, the whole eet of higher orders redues to an approximate resaling of a lowest
order alulation of heavy quarks prodution in perturbative QCD [3℄. Some of the features of
the proess are therefore eetively desribed by the simplest parton level dynamis at the lowest
order in αs, whih lets one speulate that a similar property might hold also for a muh more
omplex proess, as multiple prodution of heavy quarks.
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2Taking this optimisti point of view we will attempt, in the present note, to obtain indiations
on some properties of bb¯bb¯, cc¯cc¯ and bb¯cc¯ prodution in pA interations at the LHC, by onsidering
the ontributions of the two dierent interation mehanisms, the onneted 2 → 4 and the
disonneted (2 → 2)2 parton proesses, whih will be eetively desribed by the lowest order
diagrams in perturbative QCD, while keeping higher order orretions into aount by a simple
overall resaling. Obviously, following this philosophy, all onsiderations are neessarily limited
to the restrited lass of physial observables falling in the ategory above.
2. PRODUCTION IN PROTON-NUCLEUS COLLISIONS
Quite in general [4, 5℄ with the only assumption of fatorization of the hard omponent of the
interation, the expression of the double parton sattering ross setion to produe two pairs of
heavy-quarks is given by
σD(p,A) =
m
2
∑
ij
∫
Γp(xi, xj ; sij)σˆ(xi, x
′
i)σˆ(xj , x
′
j)Γ(N,A)(x
′
j , x
′
j ; sij)dxidx
′
idxjdx
′
jd
2sij, (1)
where the index N refers to nuleon and A to a nuleus, while the indies i, j to the dierent
kinds of partons that annihilate to produe a given qq¯ pair and the fator m/2 is a onsequene
of the symmetry of the expression for exhanging i and j; speially m = 1 for indistinguishable
parton proesses and m = 2 for distinguishable parton proesses. The interation region of a
hard proess is very small as ompared to the hadron sale, hene in the ase of a double parton
ollision the two elementary interations are well loalized in transverse spae, within the two
overlapping hadrons. The rate of events where two hard ollisions take plae ontemporarily, in a
given inelasti hadron-hadron event, depends therefore on the typial transverse distane between
the partons of the pairs undergoing the multiple proesses. A main reason of interest is hene that
double parton satterings may provide information on the typial transverse separation between
pairs of partons in the hadron struture. Indeed the non-perturbative input of a double parton
ollision is the two-body parton distribution funtion Γ(x1, x2, s1,2), whih depends not only on
the frational momenta x1,2, but also on the relative distane in transverse spae s1,2, besides
(although not written expliitly to simplify the notation) on the sales of the two interations and
on the dierent kinds of partons involved. As a onsequene the double parton sattering ross
setion is haraterized by a linear dependene on dimensional sale fators, whih are related
diretly with the typial transverse distanes between the various pairs of partons, ontributing
to the double sattering proess under onsideration.
The ross setion is simplest when the target is a nuleon and partons are not orrelated in
frational momenta, whih may be a sensible approximation in the limit of small x. In suh a
ase the two-body parton distribution may be fatorized as Γp(xi, xj; sij) = G(xi)G(xj)F (sij),
where G(x) is the usual one-body parton distribution and F (s) a funtion normalized to 1 and
representing the parton pair density in transverse spae. With this simplifying assumptions the
inlusive ross setion to produe two pairs of heavy quarks is written as [6℄
σDN =
m
2
∑
ij
Θijσi σj (2)
3where σi σj represent the inlusive ross setions to produe a qq¯ pair in a hadroni ollision, with
the indexes i, j labelling a denite parton proess. The fators Θij have dimension an inverse
ross setion and result from integrating the produts of the two-body parton distributions in
transverse spae. In this simplied ase the fators Θij provide a diret measure of the dierent
average transverse distanes between dierent pairs of partons in the hadron struture [6, 7℄.
The ross setion has a more elaborate struture in the ase of a nulear target. The most
suitable onditions to study the phenomenon are those where the nulear distributions are addi-
tive in the nuleon parton distributions. In suh a ase one may express the nulear parton pair
density, ΓA(x
′
j, x
′
j ; sij), as the sum of two well dened ontributions, where the two partons are
originated by either one or by two dierent parent nuleons:
ΓA(x
′
i, x
′
j ; sij) = ΓA(x
′
i, x
′
j ; sij)
∣∣∣
1
+ ΓA(x
′
i, x
′
j ; sij)
∣∣∣
2
(3)
and orrespondingly σAD = σ
A
D|1+σAD|2. The two terms ΓA|1,2 are related to the nulear nuleon's
density. Introduing the transverse parton oordinates B± sij2 , where B is the impat parameter
of the hadron-nuleus ollision, one may write
ΓA(x
′
i, x
′
j ; sij)
∣∣∣
1,2
=
∫
d2BγA
(
x′i, x
′
j ;B +
sij
2
, B − sij
2
)∣∣∣
1,2
(4)
where γA|1,2 are given by
γA
(
x′i, x
′
j ;B +
sij
2
, B − sij
2
)∣∣∣
1
= ΓN (x
′
i, x
′
j ; sij)T (B)
γA
(
x′i, x
′
j ;B +
sij
2
, B − sij
2
)∣∣∣
2
= GN (x
′
i)GN (x
′
j)T
(
B +
sij
2
)
T
(
B − sij
2
)
(5)
with T (B) is the nulear thikness funtion, normalized to the atomi mass number A and GN
nulear parton distributions divided by the atomi mass number.
In the simplest additive ase, the rst term in Eq.(3) obviously gives only a resaling of the
double parton distribution of a isolated nuleon
ΓA(x
′
i, x
′
j ; sij)
∣∣∣
1
= ΓN (x
′
i, x
′
j ; sij)
∫
d2BT (B) (6)
and the resulting ontribution to the double parton sattering ross setion is the same as in a
nuleon-nuleon interation, apart from an enhanement fator due to the nulear ux, whih is
given by the value of the atomi mass number A:
σDA
∣∣∣
1
= AσDN . (7)
The σDA |2 term has more struture. In this ase the integration on the relative transverse distane
between the partons of the interating pairs, sij , involves both the projetile and two dierent
target nuleons:
∫
dsijΓp(xi, xj ; sij)T
(
B +
sij
2
)
T
(
B − sij
2
)
. (8)
4As one may notie the expression (8) depends on two very dierent sales, the hadron radius rp
and the nulear radius RA. A usual approximation in pA interations is to onsider the limit
rp ≪ RA, where one may use the approximation
T
(
B ± sij
2
)
≃ T (B), (9)
whih allows one to deouple the integrations on sij and on B. One hene obtains:
σDA
∣∣∣
2
=
1
2
∑
ij
∫
Gp(xi, xj)σˆ(xi, x
′
i)σˆ(xj, x
′
j)GN (x
′
i)GN (x
′
j)dxidx
′
idxjdx
′
j
∫
d2BT 2(B), (10)
where
Gp(xi, xj) =
∫
d2sijΓp(xi, xj; sij). (11)
Remarkably the two terms σDA
∣∣∣
1
and σDA
∣∣∣
2
have very dierent properties. In fat, while the
orret dimensionality of σDA
∣∣∣
1
is provided by transverse sale fators related to the nuleon sale,
eqs.(2, 7), the analogous dimensional fator is provided in σDA
∣∣∣
2
by the nulear thikness funtion,
whih is at the seond power in Eq.(10), being two the target nuleons involved in the interation.
As pointed out in ref. [2℄, while on general grounds σD(p,A) depends both on the longitudinal
and transverse parton orrelations, the σDA
∣∣∣
2
term depends solely on the longitudinal momentum
frations xi, xj so that, when the σ
D
A
∣∣∣
2
term is isolated, one has the apability of measuring the
longitudinal and, a fortiori, also the transverse parton orrelations of the hadron struture in a
model independent way.
Although the two ontributions may be dened in a more general ase, the separation of the
ross setion in the two terms σDA
∣∣∣
1
and σDA
∣∣∣
2
is most useful in the regime of additivity of the
nulear struture funtions, whih may not be a bad approximation for a sizable part of the
kinematial regime of heavy-quarks prodution at the LHC. In the ase of a entral alorimeter
with the aeptane of the ALICE detetor (|η| < 0.9), the average value of momentum fration
of the initial state partons, in a pp → bb¯bb¯ proess, is 〈x〉 ≈ 6 × 10−3 while for pp → cc¯cc¯ one
nds 〈x〉 ≈ 2 × 10−3 . With a ut of 5 GeV in the transverse momenta of the b, c quarks one
obtains 〈x〉 ≈ 10−2 and 〈x〉 ≈ 8× 10−3 respetively, while a ut of 20 GeV gives 〈x〉 ≈ 3× 10−2.
In the ase of 2.5 < η < 4 and without any ut in pt, the average values of momentum fration
are 〈x〉 ≈ 3 × 10−2 and 〈x〉 ≈ 9 × 10−3 [8℄. Deviations from additivity at low x are less than
10% for x ≥ 2× 10−2 [10℄ and, although inreasing with the atomi mass number, non additive
orretions should hene be at most a 20% eet, in above the kinematial regimes.
As mentioned in the introdution, heavy quarks prodution is haraterized by a non trivial
dynamis, in suh a way that also next-to-leading orretions to the lowest order term in pertur-
bative QCD are not suient for an exhaustive desription of the inlusive spetra, whih most
likely need an innite resummation to be evaluated. After omparing the results of dierent
approahes to heavy quarks prodution (as NLO QCD and kt-fatorization) one nevertheless
nds that, in a few ases, the whole eet of higher orders is to a large extent just an approxi-
mate resaling of the results obtained by a lowest order evaluation in perturbative QCD. When
5limiting the disussion to an aordingly restrited set of physial observables, the whole eet
of higher order orretions to heavy quark prodution is hene summarized by a single number,
the value of the so-alled K-fator dened as:
K =
σ(qq¯)
σLO(qq¯)
(12)
where σ(qq¯) is the inlusive ross setion for qq¯ prodution and σLO(qq¯) the result of the low-
est order alulation in pQCD. By evaluating, with the kt-fatorization approah, rapidity and
pseudorapidity distributions of bb¯ and of cc¯ prodution, in pp ollisions at the enter-of-mass
energy of
√
s = 5.5 TeV, within |η| < 0.9 and 2.5 < η < 4, with dierent hoies of heavy-quark
masses and of the fatorization and renormalization sales, one nds a result not inompatible
with a lowest order alulation in perturbative QCD resaled by the fators K shown in Tables
[I,II,III℄.
To obtain the values of the K-fator in Table [I℄, in the evaluation of the ross setion with
the kt-fatorization approah, we have set the fatorization sale equal to the invariant mass of
the parton proess sˆ and the renormalization sale equal to the virtuality of the initial state
gluons, while, for the ross setion at the lowest order in pQCD, we used as a sale fator the
transverse mass of the produed quarks. In Tables [II, III℄ we rather used in both ross setions
the average of the squared transverse masses of the produed quarks and the heavy-quark mass
as sale fators[8℄.
With a xed hoie of fatorization and renormalization sales, one obtains a substantial
inrease of the value of the K fator when dereasing the value of the heavy quark mass, the
inrease being larger for cc¯ than for bb¯ prodution. With our dierent hoies for the sale fators
we obtain variations of the K fator within 4% for bb¯ and 15% for cc¯ prodution.
To disuss qq¯qq¯ prodution in pA ollisions, while remaining in a kinematial regime where
non additive orretions to the nulear struture funtions are not a major eet, we have limited
all onsiderations to physial observables, where higher orders may be taken into aount by a
simple resaling of the lowest order alulation. For qq¯qq¯ prodution, where only results of three
level alulations are up to now available, we have further assumed that the value of the K-
fator in the 2 → 4 parton proess is the same as in the 2 → 2 proess [1, 9℄. We have hene
evaluated the various ontributions to the ross setion in the ase of a entral, |η| < 0.9, and
of a forward alorimeter, 2.5 < η < 4, where the approximate expression of the ross setion
in Eq.(2) may not be an unreasonable approximation. As the proess is dominated by gluon
fusion, the expression of the ross setion in Eq.(2) may be limited to a single term only. For the
orresponding dimensional sale fator we used the value reported by the CDF measurement of
double parton ollisions [11, 12℄ and to evaluate the ross setion at the lowest order in pQCD
we used the MRS99 parton distributions [13℄, with fatorization and renormalization sale equal
to the transverse mass of the produed quarks. The ross setions of the 2 → 4 proesses have
been evaluated generating the matrix elements of the partoni amplitudes with MadGraph [14℄
and HELAS [15℄. For the mass of the bottom quark we used the entral values mb = 4.6 and
mc = 1.4 GeV. The multi-dimensional integrations have been performed by VEGAS [16℄ and the
lowest order pQCD ross setions have been nally multiplied by the K fators of Table [I℄.
63. RESULTS
A major result of the present analysis is that the eets indued by the presene of the
nuleoni degrees of freedom, in double parton satterings with a nulear target, annot be
redued to the simple shadowing orretions of the nulear parton struture funtions, whose
eet is to derease the ross setion as a funtion of A. In the ase of double parton ollisions,
the main eet of the nulear struture is represented by the presene of the σDA |2 term in the
ross setion, whih sales with a dierent power of A as ompared to the single sattering
ontribution, produing an additive orretion to the ross setion.
To emphasize the resulting anomalous dependene of the double parton sattering ross se-
tion, as a funtion of the atomi mass number, we have plotted in g.[1℄ the ratio σD2 /(σ
D
1 +σ
S),
as a funtion of A. The ratio represents the ontribution to the ross setion of the proesses
where two dierent nulear target nuleons are involved in the interation, saled with the on-
tribution where only a single target nuleon is involved. The dependene on the atomi mass
number of the latter terms of the ross setion, namely the single (σS) and the double (σD1 )
parton sattering terms against a single nuleon in the nuleus, is the same of all hard proesses
usually onsidered, where nulear eets may be wholly absorbed in the shadowing orretions
to the nulear struture funtions. The ontribution to the ross setion of the σD2 term is, on
the ontrary, anomalous, involving two dierent target nuleons in the interation proess. The
ratio above hene represents the relative weights of the anomalous to the usual ontributions
to the double parton sattering ross setion on a nulear target.
The plots in Fig.[2℄ show the rapidity distribution in a forward alorimeter (2.5 ≤ η ≤ 4) of a
heavy quark produed in an event with bb¯bb¯, cc¯cc¯ and bb¯cc¯ respetively: one-nuleon (dashed
lines) and two-nuleon ontributions (ontinuous lines) in the ase of a heavy, Au, (higher urves)
and of a light nuleus, O, (lower urves). In eah ase onsidered ontinuous and dashed urves
dier essentially only by a resaling, showing that the eet of the single parton sattering term
(the 2→ 4 parton proess) is negligible in this kinematial regime. The dierent ontributions to
the ross setion for bb¯bb¯, cc¯cc¯, bb¯cc¯ prodution, due to interations with a single (dashed line) or
with two dierent target nuleons (dot line), are shown in Fig.[3,4,5℄ as a funtion of the atomi
mass number in the ase of a entral and of a forward alorimeter, with two dierent hoies
of uts (pt = 0, 10GeV ) on the outgoing quark-transverse momenta. The ontinuous line is the
sum of the two ontributions. As one may see, by introduing a uto in pt one enhanes the
single sattering ontribution and the relative role of σD2 is dereased.
To have some indiation on the overall unertainty of our estimates we have plotted in Fig.[6℄
the range of values obtained for the integrated ross setions, for bb¯bb¯, cc¯cc¯ and bb¯cc¯ prodution,
within |η| ≤ .9, as a funtion of the atomi mass number, when making the dierent hoies
desribed above. In eah panel we report the dierent hoies orresponding to the extreme
values of the ross setion. The indiation obtained in this way is that the overall ross setion
is roughly determined within a fator three.
Summarizing the large size of the ross setion of heavy-quark prodution in hadron-nuleus
ollisions at the LHC (one may expet values of the order of 5 − 10mb for harm prodution)
suggests that the prodution of multiple pairs of heavy quarks is fairly typial at high energies,
hene representing a onvenient hannel to study multiple parton interations. A rather diret
feature, whih is a simplest predition and then a test of the interation mehanism desribed
7above, is the anomalous dependene on A. The eets indued by the presene of the nuleoni
degrees of freedom in the nulear struture are in fat not limited, in this ase, to the shad-
owing orretions to the nulear struture funtions usually onsidered, whih ause a limited
derease (not larger than 20%, in the kinematial regime onsidered here) of the ross setion for
a hard interation in hadron-nuleus ollisions. When onsidering double parton satterings, all
nulear eets an be exhausted in the shadowing orretions to the nulear struture funtions
in the σDA |1 term only. The dominant eet of the nulear struture is on the ontrary due to
the presene of the σDA |2 term in the ross setion, whih sales with a dierent power of A as
ompared to single sattering term, giving rise to a sizably larger orretion, with opposite sign
as ompared to the shadowing orretion, namely to an inrease of the ross setion, whih may
beome larger than 100% for a heavy nuleus.
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8µ2F = sˆ µ
2
R = q
2
(gluon virtuality)
mb (GeV ) Kb = σ(bb¯)/σLO(bb¯) mc (GeV ) Kc = σ(cc¯)/σLO(cc¯)
4.25 5.9 1.2 7.0
4.5 5.7 1.4 6.6
4.75 5.5 1.6 6.1
Table I: K fator values for dierent hoies of the mass of the heavy quarks. In the kt fatorization
approah the ross setion has been evaluated by using sˆ as fatorization sale and the gluon virtuality
as renormalization sale; when evaluating the ross setion at the lowest order in pQCD the sales have
been set equal to the transverse mass of the heavy quarks[8℄
µ2F = µ
2
R = µ
2
0
= (m2t,Q +m
2
t,Q¯
)/2
mb (GeV ) Kb = σ(bb¯)/σLO(bb¯) mc (GeV ) Kc = σ(cc¯)/σLO(cc¯)
4.25 6.1 1.2 6.2
4.5 5.9 1.4 5.9
4.75 5.8 1.6 5.6
Table II: K fator values for dierent hoies of the masses of the heavy quarks. In the alulation of the
ross setions, fatorization and renormalization sales have been set equal to the average of the squared
transverse masses of the heavy quarks[8℄
µ2F = µ
2
R = m
2
Q
mb (GeV ) Kb = σ(bb¯)/σLO(bb¯) mc (GeV ) Kc = σ(cc¯)/σLO(cc¯)
4.25 5.7 1.2 8.1
4.5 5.6 1.4 7.9
4.75 5.4 1.6 7.3
Table III: K fator values for dierent hoies of the masses of the heavy quarks. In the alulation of
the ross setions, fatorization and renormalization sales have been set equal to the mass of the heavy
quark. [8℄
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Figure 1: Relative weights of the terms with anomalous and usual A-dependene in the double sat-
tering ross setion for bb¯bb¯, cc¯cc¯, bb¯cc¯ prodution.
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Figure 2: Pseudorapidity distribution in a forward alorimeter of a heavy quark produed in events with
bb¯bb¯, cc¯cc¯ and bb¯cc¯: one-nuleon (dashed lines) and two-nuleon ontributions (ontinuous lines) in the
ase of a heavy (higher urves) and of a light nuleus (lower urves).
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Figure 3: Dierent ontributions to the ross setion of bb¯bb¯ prodution in a entral and in a forward
alorimeter as a funtion of A. Cross setions without any ut in pt (left gures) and after applying a ut
of 10 GeV in the transverse momenta of eah produed heavy-quark (right gure): one-nuleon (dashed
lines), two nuleons ontribution (dotted lines) and total ross setion (ontinuous lines).
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Figure 4: Dierent ontributions to the ross setion of cc¯cc¯ prodution in a entral and in a forward
alorimeter as a funtion of A. Cross setions without any ut in pt (left gures) and after applying a ut
of 10 GeV in the transverse momenta of eah produed heavy-quark (right gure): one-nuleon (dashed
lines), two nuleons ontribution (dotted lines) and total ross setion (ontinuous lines).
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Figure 5: Dierent ontributions to the ross setion of bb¯cc¯ prodution in a entral and in a forward
alorimeter as a funtion of A. Cross setions without any ut in pt (left gures) and after applying a ut
of 10 GeV in the transverse momenta of eah produed heavy-quark (right gure): one-nuleon (dashed
lines), two nuleons ontribution (dotted lines) and total ross setion (ontinuous lines).
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Figure 6: Prodution ross setion of bb¯bb¯, cc¯cc¯ and bb¯cc¯ in a entral alorimeter for dierent hoies of
quark-masses and fatorization sales. Lower and upper urves, orrespond respetively to the lower and
upper values of the heavy quark masses onsidered in our alulation.
